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LASER SCANNER 

BACKGROUND OF THE INVENTION 

[0001] 
[0002] The ?eld of the present invention is laser scanners, 
particularly laser scanners that may be employed for oph 
thalmic laser surgery. 

[0003] 2. Background 

1. Field of the Invention 

[0004] Laser scanners for ophthalmic laser surgery gen 
erally utiliZe a pair of scanning mirrors to angularly de?ect 
and scan the laser beam. Typically tWo scanning mirrors are 
employed, each scanning the laser along one of tWo orthogo 
nal axes. A focusing objective, Whether one lens or several 
lenses, images the laser beam onto a focal plane of the 
optical system. The focal point of the laser beam is thus 
scanned in tWo dimensions (x and y) Within the focal plane 
of the optical system. Scanning along the third dimension, 
i.e., moving the focal plane along the optical axis (Z-axis), 
may be achieved by moving the focusing objective, or one 
or more lenses Within the focusing objective, along the 
optical axis. 

[0005] The optical systems used to focus ophthalmic sur 
gical lasers are generally quite complex. Such optical sys 
tems are typically required to have diffraction limited per 
formance With a high numerical aperture (NA) and to scan 
the laser beam over an extended range. The moving mirrors 
that are typically used in such systems create signi?cant 
design constraints because signi?cantly high ?eld angles are 
used during the scanning process, thus requiring optical 
correction for aberrations such as astigmatism, coma, and 
other higher order aberrations. In addition, since the beam is 
scanned angularly, off-axis aberrations of the objective are 
typically generated and require correction. 

[0006] The optics required to correct the aberrations cre 
ated in such laser scanners of the prior art tend to add to the 
Weight and cost of the overall optical system. The overall 
cost added to such systems may be in the range of tens of 
thousands of dollars or more. The overall Weight of laser 
scanners, With corrected optics, can be in the range of ?ve 
kilograms or more. Such heavy systems are extremely 
di?icult to manually position over a patient’s eye. To com 
pensate, motoriZed gantries are frequently employed to 
move the optics into position With the eye in a “docking” 
procedure. To assure patient safety during “docking”, and to 
prevent inadvertent movement of the motoriZed gantry, 
special safety electronics are included as part of such scan 
ning systems. These additional electronics further increase 
the complexity and cost of the scanning system. 

SUMMARY OF THE INVENTION 

[0007] The present invention is directed toWards a laser 
scanner. The laser scanner comprises a laser source and 
optics for scanning the focal point in three dimensions. The 
optics include optical elements for scanning the laser beam 
along three orthogonal axes and an optical element Which 
extends the focal plane of the optics aWay from the focusing 
lens(es). 
[0008] In a ?rst separate aspect of the invention, a ?rst 
optical element and a focusing element are included as part 
of the optics of the laser scanner. This ?rst optical element 
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is adapted to move along an optical axis of light from the 
laser source. The focusing element is adapted to move 
orthogonally to the optical axis. The focal plane depth of the 
optics may be adjusted through movement the ?rst optical 
element. Further, the focusing element may include tWo 
focusing lenses, each adapted to move along tWo orthogonal 
axes, these axes also being orthogonal to the optical axis. 

[0009] In a second separate aspect of the invention, an 
optical element Within the optics of the laser scanner is 
adapted to effectively increase the focal length of an 
included focusing element Without increasing the f number 
of the focusing element. Preferably, the refractive index of 
this optical element is greater than one. 

[0010] In a third separate aspect of the invention, the laser 
scanner is incorporated into a system adapted for ophthalmic 
laser surgery and includes a mirror optically disposed 
betWeen the focusing element and the eye on Which the 
surgical procedure is conducted. This mirror is adapted to 
pass light from the laser source and to re?ect visible light. 
The surgical system also includes a vieW port optically 
coupled to the mirror to receive the re?ected visible light 
from the mirror. This vieW port optionally alloWs an attend 
ing surgeon to directly vieW the ophthalmic surgical laser 
procedure as it occurs. If desired, magni?cation optics may 
be included as part of the vieW port to facilitate vieWing of 
the surgical procedure. 

[0011] In a fourth separate aspect of the invention, the 
focal point of the laser is scanned in a manner Which helps 
minimiZe the time needed to scan an entire area. The focal 
point is scanned along substantially linear path. During the 
scan along the path, an oscillatory motion is introduced to 
the scan path in a direction Which is orthogonal to the path. 
In larger scan patterns, this technique may be employed for 
any linear or substantially linear segment of the scan pattern. 

[0012] In a ?fth separate aspect of the invention, any of the 
foregoing aspects may be employed in combination. 

[0013] Accordingly, the present invention provides an 
improved laser scanner. Other objects and advantages Will 
appear hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] In the draWings, Wherein like reference numerals 
refer to similar components: 

[0015] FIG. 1 schematically illustrates a laser scanner; 

[0016] FIG. 2 illustrates the laser scanner of FIG. 1 and 
hoW movement of various optical elements enable scanning 
of the focal point in three dimensions; 

[0017] FIG. 3 illustrates a ?rst focal point scan pattern 
Which may be advantageously realiZed using the laser scan 
ner of FIG. 1; 

[0018] FIG. 4 illustrates a second focal point scan pattern 
Which may be advantageously realiZed using the laser scan 
ner of FIG. 1; and 

[0019] FIG. 5 illustrates a raster scan in accordance With 
the prior art. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0020] Turning in detail to the draWings, FIG. 1 illustrates 
a laser scanner 11 Which may advantageously be used for 
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ophthalmic laser surgery. The laser scanner 11 includes a 
laser source 13 and optics 15 for directing light from the 
laser source toward an eye 17, along With a vieW port 19 
Which enables the physician a vieW of the eye 17 as surgery 
proceeds. The laser source 13 may be of any type, but for 
purposes of ophthalmic laser surgery, the laser source 13 is 
preferably capable of generating a pulsed laser beam. One 
such laser source is described in Us. Pat. No. 4,764,930, the 
disclosure of Which is incorporated herein by reference. 
Further, the pulsed laser beam preferably has a pulse dura 
tion Which is as long as a feW nanoseconds or as short as a 

feW femtoseconds. 

[0021] Light emitted from the laser source 13 passes 
through the movable Z-axis scanning lens 21, the collimating 
lens 23, the tWo movable focusing lenses 25, 27, the mirror 
29, the block of refractive material 31, and the applanation 
lens 33 to a focal point 35 Which is on or Within the cornea 
of the eye 17. Unlike much of the prior art relating to laser 
scanners, the laser scanner 11 of FIG. 1 does not include any 
scanning mirrors. As such, light from the laser source is 
alWays on-axis as it passes through each optical element. 
Having an on-axis laser beam greatly reduces or eliminates 
the need to correct off-axis aberrations, astigmatism, and 
coma. Elimination of the need for corrective optics in turn 
reduces the overall Weight of the laser scanner, thus making 
it possible to perform a manual “docking” procedure instead 
of requiring complex automation to perform the “docking” 
procedure. This also leads directly to a signi?cant reduction 
in costs for such laser scanners, and particularly ophthalmic 
laser surgical equipment Which incorporates such laser scan 
ners. 

[0022] While tWo focusing lenses 25, 27 are shoWn, a 
single movable focusing lens, or alternatively more than tWo 
focusing lenses, may be used. Regardless of hoW many 
lenses are used as the focusing objective, light from the laser 
source 13 is preferably focused to less than a 5 pm spot siZe. 

[0023] The mirror 29 is transparent to the Wavelength of 
light from the laser source 13, but re?ective to light at visible 
Wavelengths. This permits an image of the eye on Which a 
procedure is being performed to be re?ected by the mirror 
29, toWard the vieW port 19. The vieW port 19 includes a 
mirror 37 Which directs the image toWard magni?cation 
lenses 39, 41. Because the mirror 29 extracts the image of 
the eye 17 at a point betWeen the eye 17 and the objective 
of the laser scanner optics, the amount of magni?cation 
required for the vieW port 19 is drastically reduced as 
compared to laser scanner systems of the prior art. While the 
mirror 29 is shoWn as a separate optical element from the 
block of refractive material 31, it may be incorporated into 
the block of refractive material 31 as a mirrored internal 
surface or as an interface betWeen tWo pieces of refractive 
material, Which together form the block of refractive mate 
rial. 

[0024] The block of refractive material 31 is included after 
the focusing objective of the laser scanner optics, i.e., the 
focusing lenses 25, 27, to effectively extend the focal length 
of the focusing lenses 25, 27. This is accomplished by using 
a block of refractive material With a refractive index Which 
is greater than the refractive index of air. With the block of 
refractive material 31 in place, the actual focal length of the 
combined focusing lenses can be made relatively short, say 
on the order of 20 mm, Without actually increasing the f 
number of the focusing lenses. By having focusing lenses 
With short focal lengths, the need to correct chromatic 
aberrations, Which often arise from focusing optics With 
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long focal lengths, is greatly reduced or eliminated. The 
effective focal length of the focusing lenses 25, 27, With the 
refractive material 31 in place, can be signi?cantly length 
ened. This facilitates focusing light from the surgical laser 
on or in the patient’s eye from the end of the scanner. 

[0025] The applanation lens 33 is included to facilitate use 
of the laser scanner 11 as part of a ophthalmic laser surgery 
system. The function of the applanation lens 33 is described 
in Us. Pat. No. 5,549,632, the disclosure of Which is 
incorporated herein by reference. Other than as a basic block 
of refractive material disposed betWeen the laser source 13 
and the eye 17, the applanation lens 33 is not actively 
employed in to scan light from the laser across or Within the 
cornea. 

[0026] Turning to FIG. 2, the Z-axis scanning lens 21 is 
movable along the optical axis 43 of the laser beam. Move 
ment of this Z-axis scanning lens 21 may be achieved by a 
drive mechanism (not shoWn), Which may be of any type 
knoWn to those skilled in the art, including galvanometers, 
stepper motors, rotational motors With lead-screW driven 
linear stages, linear motors, voice coil type linear actuators, 
pieZo actuators, ultrasonic pieZo ceramic motors, DC servo 
motors, and the like. The drive mechanism also preferably 
includes a feedback loop so that associated control electron 
ics (not shoWn) can determine the position of the Z-axis 
scanning lens 21 and control the movement thereof. By 
placing control of the Z-axis scanning in a lens Which is 
optically disposed outside of and before the focusing objec 
tive, ?ner control of the Z-axis position of the focal point 35 
is possible. In the prior art, the Z-axis position of the focal 
point is typically controlled by Z-axis movement of the 
focusing objective itself, giving rise to a 1:1 ratio betWeen 
movement of the focusing objective and movement of the 
focal point. In contrast, using the con?guration disclosed 
herein, ratios of 10:1, 100:1, 1000:1, or greater are possible. 

[0027] Similarly, the ?rst focusing lens 25 is moveable 
along the y-axis, and the second focusing lens 27 is movable 
along the x-axis. Movement of these tWo lenses may be 
accomplished and controlled in the same manner as move 
ment and control of the Z-axis scanning lens 21. Movement 
of each of these tWo focusing lenses 25, 27 along their 
respective axes results in scanning of the focal point 35 
along those axes Within the focal plane. Each of the focusing 
lenses 25, 27 are shoWn displaced along the x- and y-axes in 
FIG. 2, resulting in the focal point 35 being scanned to an 
off-axis position Within the focal plane. In the event that a 
single focusing lens is employed, the single lens Would be 
movable Within the plane de?ned by the x- and y-axes, 
thereby permitting the focal point to be scanned across the 
entire focal plane. 

[0028] Use of the described laser scanner Within an oph 
thalmic laser surgery system and in conjunction With a 
computer to control the position and motion of the Z-axis 
scanning lens and the tWo focusing lenses, permits ?ne 
control over the laser scanner so that the scanable focal point 
may be used to create surgical cuts on or Within the cornea 
of the eye. 

[0029] FIG. 3 illustrates a scan pattern Which includes 
linear motion along one axis (the “fast axis”) and small 
amplitude, high frequency oscillations along the second, 
orthogonal axis (the “sloW axis”). This type of scan pattern 
may be employed to effectively increase the coverage area 
of the laser scanner Without requiring an increase in scan 
speed along the fast axis. Moreover, it may be employed 
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during any essentially linear motion of the laser scanner, 
regardless of the actual scan direction. For a given linear 
speed, the effective coverage area is increased by approxi 
mately four times. The oscillatory motion along the sloW 
axis may be achieved through the scanner motor(s) Which 
drive the x-axis and/or y-axis scanning lens(es), or alterna 
tively, it may be achieved by additional scanner motor(s) 
Which superimpose the oscillatory motion on onto the linear 
motion of the scanning lens(es). 

[0030] FIG. 4 shoWs hoW the oscillatory motion described 
above may be advantageously employed to increase the 
effective coverage area for each linear pass along the fast 
axis as compared to a common raster pattern, Which is 
illustrated in FIG. 5. By reducing the number of passes 
necessary to scan the same area, the time needed to scan an 
entire area may be signi?cantly reduced. 

[0031] Thus, an improved laser scanner is disclosed. 
While embodiments of this invention have been shoWn and 
described, it Will be apparent to those skilled in the art that 
many more modi?cations are possible Without departing 
from the inventive concepts herein. Particularly, light from 
the laser source is shoWn passing directly from one optical 
element to the next. The particular con?guration of mirrors 
and lenses described herein, hoWever, is merely illustrative 
of the optics underlying the laser scanner. Alternative 
embodiments, Which may include additional or different 
optical elements to accommodate a desired mechanical or 
optical con?guration, are possible. The invention, therefore, 
is not to be restricted except in the spirit of the folloWing 
claims. 

What is claimed is: 
1. A laser scanner comprising: 

a laser source; 

a ?rst optical element adapted to move along an optical 
axis of light from the laser source; 

a focusing element receiving laser light from the ?rst 
optical element, Wherein the focusing element is 
adapted to move orthogonally to the optical axis; and 

a second optical element receiving laser light from the 
focusing element, Wherein the second optical element 
is adapted to effectively increase a focal length of the 
focusing element Without increasing the f number of 
the focusing element. 

2. The laser scanner of claim 1 further comprising a 
collimating lens optically disposed betWeen the ?rst optical 
element and the focusing element. 

3. The laser scanner of claim 1, Wherein the focusing 
element comprises a ?rst focusing lens adapted to move 
along a ?rst axis, the ?rst axis being orthogonal to the optical 
axis. 

4. The laser scanner of claim 3, Wherein the focusing 
element further comprises a second focusing lens adapted to 
move along a second axis, the second axis being orthogonal 
to the ?rst axis and to the optical axis. 

5. The laser scanner of claim 1, Wherein the second optical 
element has a refractive index Which is greater than one. 

6. The laser scanner of claim 1 further comprising a mirror 
optically disposed betWeen the focusing element and the 
second optical element, the mirror being adapted to pass 
light from the laser source and to re?ect visible light. 
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7. A laser scanner comprising: 

a laser source; 

a scanning lens adapted to move along an optical axis of 
light from the laser source; 

?rst and second focusing lenses receiving laser light from 
the scanning lens, Wherein the ?rst focusing lens is 
adapted to move along a ?rst axis, the ?rst axis being 
orthogonal to the optical axis, and the second focusing 
lens is adapted to move along a second axis, the second 
axis being orthogonal to the ?rst axis and to the optical 
axis; and 

an optical element receiving laser light from the focusing 
lenses, Wherein the optical element has a refractive 
index Which is greater than one. 

8. The laser scanner of claim 7 further comprising a 
collimating lens optically disposed betWeen the scanning 
lens and the ?rst focusing lens. 

9. A laser scanner comprising: 

a laser source; 

a scanning lens adapted to move along an optical axis of 
light from the laser source; 

a collimating lens receiving laser light from the scanning 
lens; 

?rst and second focusing lenses receiving laser light from 
the collimating lens, Wherein the ?rst focusing lens is 
adapted to move along a ?rst axis, the ?rst axis being 
orthogonal to the optical axis, and the second focusing 
lens is adapted to move along a second axis, the second 
axis being orthogonal to the ?rst axis and to the optical 
axis; 

an block of refractive material receiving laser light from 
the focusing lenses; and 

a mirror optically disposed betWeen the focusing element 
and the block of refractive material, the mirror being 
adapted to pass light from the laser source and to re?ect 
visible light. 

10. A method of scanning light from a laser source, the 
method comprising: 

directing light from the laser source through an optical 
system to a focal point, the optical system comprising, 
in optical alignment, a scanning lens, a focusing ele 
ment, and an optical element, Wherein the optical 
element is adapted to effectively increase a focal length 
of the focusing element Without increasing the f num 
ber of the focusing element; 

moving the scanning lens along a Z-axis to adjust a depth 
of the focal point along the Z-axis; and 

moving the focusing element in a plane orthogonal to the 
Z-axis to adjust a position of the focal point relative to 
the Z-axis. 

11. The method of claim 10, Wherein the focusing element 
comprises ?rst and second focusing lenses. 

12. The method of claim 11, Wherein moving the focusing 
element includes moving the ?rst focusing lens along a ?rst 
axis, the ?rst axis being orthogonal to the Z-axis. 
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13. The method of claim 12, wherein moving the focusing 
element includes moving the second focusing lens along a 
second axis, the second axis being orthogonal to the Z-axis 
and to the ?rst axis. 

14. The method of claim 10, Wherein the optical element 
has a refractive index Which is greater than one. 

15. A method of scanning light from a laser source, the 
method comprising: 

directing light from the laser source through an optical 
system to a focal point, the optical system comprising, 
in optical alignment, a scanning lens, a collimating 
lens, ?rst and second focusing lenses, and an optical 
element, Wherein the optical element has a refractive 
index Which is greater than one; 

moving the scanning lens along a Z-axis to adjust a depth 
of the focal point along the Z-axis; 

moving the ?rst focusing lens along a ?rst axis to adjust 
a position of the focal point relative to the Z-axis, the 
?rst axis being orthogonal to the Z-axis; and 

moving the second focusing lens along a second axis to 
further adjust a position of the focal point relative to the 
Z-axis, the second axis being orthogonal to the Z-axis 
and to the ?rst axis. 

16. A laser scanner system for ophthalmic laser surgery, 
the system comprising: 

a laser source; 

optics adapted to direct light from the laser source toWard 
an eye, the optics comprising: 

a ?rst optical element adapted to move along an optical 
axis of light from the laser source; 

a focusing element receiving laser light from the ?rst 
optical element, Wherein the focusing element is 
adapted to move orthogonally to the optical axis; 

a second optical element receiving laser light from the 
focusing element, Wherein the second optical ele 
ment is adapted to effectively increase a focal length 
of the focusing element Without increasing the f 
number of the focusing element; 

a mirror optically disposed betWeen the focusing ele 
ment and the second optical element, the mirror 
being adapted to pass light from the laser source and 
to re?ect visible light; and 

a vieW port optically coupled to the mirror to receive the 
re?ected visible light. 

17. The system of claim 16, Wherein the optics further 
comprises a collimating lens optically disposed betWeen the 
?rst optical element and the focusing element. 

18. The system of claim 16, Wherein the focusing element 
comprises a ?rst focusing lens adapted to move along a ?rst 
axis, the ?rst axis being orthogonal to the optical axis. 

19. The system of claim 18, Wherein the focusing element 
further comprises a second focusing lens adapted to move 
along a second axis, the second axis being orthogonal to the 
?rst axis and to the optical axis. 

20. The system of claim 16, Wherein the second optical 
element has a refractive index Which is greater than one. 

21. The system of claim 16, Wherein the mirror is adapted 
to re?ect an image of the eye. 

22. The system of claim 16, Wherein the vieW port 
comprises one or more magnifying lenses. 
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23. A laser scanner system for ophthalmic laser surgery, 
the system comprising: 

a laser source; 

optics adapted to direct light from the laser source toWard 
an eye, the optics comprising: 

a scanning lens adapted to move along an optical axis 
of light from the laser source; 

?rst and second focusing lenses receiving laser light 
from the scanning lens, Wherein the ?rst focusing 
lens is adapted to move along a ?rst axis, the ?rst 
axis being orthogonal to the optical axis, and the 
second focusing lens is adapted to move along a 
second axis, the second axis being orthogonal to the 
?rst axis and to the optical axis; 

an optical element receiving laser light from the focus 
ing lenses, the optical element having a refractive 
index Which is greater than one; and 

a mirror optically disposed betWeen the ?rst and second 
focusing lenses and the optical element, the mirror 
being adapted to pass light from the laser source and 
to re?ect an image of the eye; and 

a vieW port optically coupled to the mirror to receive the 
image of the eye. 

24. The system of claim 23 Wherein the optics further 
comprises a collimating lens optically disposed betWeen the 
?rst optical element and the ?rst and second focusing lenses. 

25. The system of claim 23, Wherein the vieW port 
comprises one or more magnifying lenses. 

26. A method of scanning a focal point of a laser during 
ophthalmic surgery, the method comprising: 

scanning the focal point in a ?rst direction, the ?rst 
direction being substantially linear; and 

simultaneously introducing an oscillatory motion to the 
scanned focal point, the oscillatory motion being in a 
second direction orthogonal to the ?rst direction. 

27. The method of claim 26, Wherein scanning the focal 
point includes scanning the focal point in the ?rst direction 
for a predetermined distance, and Wherein the oscillatory 
motion has a period not greater than the predetermined 
distance. 

28. The method of claim 26, Wherein scanning the focal 
point includes scanning the focal point in the ?rst direction 
for a predetermined distance, and Wherein the oscillatory 
motion has an amplitude substantially less than the prede 
termined distance. 

29. A method of scanning a focal point of a laser during 
ophthalmic surgery, the method comprising: 

scanning the focal point in a predetermined scan pattern, 
the scan pattern having at least one substantially linear 
segment; and 

introducing an oscillatory motion into the scan pattern 
during one or more of the linear segments. 

30. The method of claim 29, Wherein the oscillatory 
motion has a period not greater than the linear segment. 

31. The method of claim 29, Wherein the oscillatory 
motion has an amplitude substantially less than the linear 
segment. 


